Normal human diploid fibroblasts were able to undergo one to two cell divisions without glucose utilization in Eagle's minimum essential medium plus 10% dialyzed fetal calf serum if the medium was supplemented with hypoxanthine, thymidine, and uridine (supplemented medium termed HTU-MEM). Under these conditions, the added purine and pyrimidines were required for nucleic acid synthesis, as shown by the inability of Lesch-Nyhan fibroblasts to grow in HTU-MEM. Normal human diploid fibroblasts continued to produce lactate in HTU-MEM, but at a greatly reduced rate. Since cells grew in HTU-MEM without glucose utilization, the probable energy and carbon source was glutamine, which is present in relatively high concentration. Furthermore, the rate of glutamine utilization per cell division was 2-fold greater in HTU-MEM than in me sum with 5.5 mM glucose. These results suggest that glutamine can be a major energy source for cells grown in vitro.
in HTU-MEM without glucose utilization, the probable energy and carbon source was glutamine, which is present in relatively high concentration. Furthermore, the rate of glutamine utilization per cell division was 2-fold greater in HTU-MEM than in me sum with 5.5 mM glucose. These results suggest that glutamine can be a major energy source for cells grown in vitro. There is general agreement that glucose is required by tissue culture cells and that its depletion results in cell deterioration and death (1) (2) (3) (4) . It has long been maintained that glucose is the primary energy source for cells in culture (2, 5, 6) . The predominant pathway of glucose metabolism is via anaerobic glycolysis (1, 2, (5) (6) (7) (8) and is dependent upon the initial concentration of glucose (1, 9) , cell type (4), and pH (5) . It appears that the only aerobic metabolism of glucose is related to ribose formation for nucleic acid biosynthesis (1, 9) , since oxidation via the tricarboxylic acid cycle is minimal (6, 10, 11) . Another major anabolic function of glucose is for the synthesis of nonessential amino acids (12) .
In studies of alternate energy sources for cells in culture, it was noted that glucose could be replaced by addition of glutamine, purines, and pyrimidines, allowing human diploid fibroblasts to undergo one to two cell divisions. The growth of cells in the absence of glucose utilization, and in the presence of high rates of glutamine utilization, suggests that glucose is not an essential energy source for cells grown in vitro.
MATERIALS AND METHODS
The human diploid fibroblast cell strains used in this study (JJ- A. (Fig. 1B) . Cell growth of normal fibroblasts could not be maintained in HTU-MEM or MEM in the absence of glutamine.
Cells in 17 AM glucose medium changed from a fibroblast to a rounded form after 48 hr; however, cells in HTU-MEM retained their normal fibroblast shape for 4-S5 days (Fig. 2) , after which the cells started to round up and to detach. Increasing the glucose concentration from 17 MM to 25 MM in HTU-MEM was sufficient for the cells to grow at a rapid rate for 3.5 days, equivalent to the growth in 5.5 mM glucose medium (Fig. IC) . A similar stimulatory effect from the addition of a purine and pyrimidines was observed at a glucose concentration of 33 MM, but to a lesser degree at 44MM glucose. The addition of a purine and pyrimidines to media with higher concentrations of glucose had no effect (not shown; refs. 14 17 and 25AM glucose (Fig. 3) . The 12.2 Cell Biology: Zielke et (2, 5, 6) . Thus, tissue culture media routinely contain physiological concentrations of glucose, i.e., 5.5 mM (17) or higher (18) . Paul (5) concluded that the ATP produced by glucose metabolism is sufficient for the energy requirement of tissue culture cells. Furthermore, a direct relationship between glucose utilization and cell growth has been observed (7, 10) . However, Rheinwald and Green (3) and Graff et al. (19) have reported high rates of growth for cell cultures in medium containing low glucose concentrations. The present study indicated that the addition of a purine and pyrimidines to HTU-MEM (17 ,uM glucose) allowed normal human diploid fibroblast cells to undergo cell division without significant utilization of glucose (Figs. 1A, 2, and 3) . Cells in HTU-MEM with 17 or 25 MM glucose utilized 1 X 10-3 or 4 X 10-3 times, respectively, the amount of glucose compared to cells in MEM with 5.5 mM glucose (Fig. 3) . The glycogen content of cells is insufficient to provide glucose for the observed cell growth (20) . Therefore, these cells utilized a compound(s) other than glucose for their energy requirement.
An increase in glucose concentration from 17 MM to 25 ,M in MEM was sufficient to support some cell growth (Fig. 1A and  C) , suggesting that a minimum amount of glucose may be necessary for anabolic functions, rather than energy production. Renner et al. (9) have shown that the primary products of glucose metabolism at concentrations below 1 mM by Novikoff rat hepatoma cells were nucleoside triphosphates and nucleic acids. One-third of the ['4C]glucose utilized in short-term studies from 10 MM glucose medium was incorporated into nucleoside triphosphates and nucleic acids (9) . The addition of 1 mM uridine and adenosine to medium with 60 AM [14C]glucose reduced the incorporation of 14C label into total and acid-insoluble cell material by almost 50% (9) . Thus, at low glucose concentration, the primary anabolic function of glucose was considered to be nucleic acid biosynthesis. The addition of hypoxanthine, thymidine, and uridine (HTU-MEM) to medium containing MM glucose either overcame the lack of growth or stimulated the growth. However, since growth in HTU-MEM ceased after 4 days (Fig. 1A and C) , it was concluded that glucose must have additional critical anabolic functions.
Approximately stoichiometric conversion of glucose to lactate was observed with 5.5 mM glucose (Fig. 3) . The conversion of 85-90% of glucose to lactate has been routinely observed by other workers (1, (5) (6) (7) (8) 20) . In the present studies, lactate production occurred continuously in HTU-MEM with 17 or 25 AM glucose, but at a greatly reduced rate (Fig. 3) . However, the quantity of lactate formed was far in excess of the glucose utilized, suggesting an alternate carbon source. Lactate production by tissue culture cells in the absence of glucose has previously been reported (21) , presumably from amino acids.
Another unanswered question in these studies is the identity of the energy source for the cells growing in HTU-MEM. A potential carbon and energy source present in relatively large quantity in HTU-MEM is glutamine, which is present in all routine tissue culture media at a concentration of 2 mM or 5 to 20 times greater than other amino acids (17, 18) . This high glutamine requirement has been explained by its instability in medium (22) (23) (24) and its precursor role for other amino acids (12) . However, as shown in Fig. 3, a (Figs. IC and 3 ). Stoner (25) . These (27, 28) . Glutamine has been shown in detailed studies by Windmueller 
